NKT cell subsets can be divided based on CD4 and NK1.1 expression and tissue of origin, but the developmental and functional relationships between the different subsets still are poorly understood. A comprehensive study of 19 cytokines across different NKT cell subsets revealed that no two NKT subpopulations exhibited the same cytokine profile, and, remarkably, the amounts of each cytokine produced varied by up to 100-fold or more among subsets. This study also revealed the existence of a population of CD4 ؊ NK1.1 ؊ NKT cells that produce high levels of the proinflammatory cytokine IL-17 within 2-3 h of activation. On intrathymic transfer these cells develop into mature CD4 ؊ NK1.1 ؉ but not into CD4 ؉ NK1.1 ؉ NKT cells, indicating that CD4 ؊ NK1.1 ؊ NKT cells include an IL-17-producing subpopulation, and also mark the elusive branch point for CD4 ؉ and CD4 ؊ NKT cell sublineages.
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cytokines ͉ CD1d ͉ thymus ͉ T cell N KT cells are CD1d-dependent T cells that mediate potent immunoregulatory functions in settings of autoimmunity, cancer, infection, and tolerance (1) . Mouse NKT cells express the T cell antigen receptor (TCR) V␣14J␣18 chain coupled with V␤8.2, V␤7, or V␤2, whereas human NKT cells have V␣24J␣18 coupled to V␤11 (2) . The biological function of NKT cells is paradoxical, because they rapidly produce large amounts of both T helper type 1 (Th1) and Th2 cytokines and promote cell-mediated immunity in some settings but suppress cell-mediated immunity in others (1) .
One explanation for how NKT cells mediate these diverse functions is the existence of functionally distinct subsets. NKT cells can be divided broadly into CD4 ϩ and CD4 Ϫ subsets (2) . In humans, this classification provides an important functional distinction, because CD4 ϩ NKT cells make both Th1 and Th2 cytokines (such as IFN-␥, TNF, IL-4, IL-10, IL-13), whereas CD4 Ϫ NKT cells primarily make Th1 cytokines (IFN-␥ and TNF) (1, 3, 4) . Mouse NKT cells also include CD4 ϩ and CD4 Ϫ subsets, but no clear distinction in cytokine production has been identified. This is surprising, because mouse CD4 ϩ and CD4
Ϫ NKT cells are distinct in their ability to regulate immune responses in vivo (5) . However, careful subset analyses of NKT cell cytokine production in mice have been limited largely to IFN-␥ and IL-4 production (5); these analyses are inadequate, because NKT cells are known to produce many other cytokines, including IL-5, GM-CSF, TNF, IL-10, IL-13, IL-21, and IL-17 (1, (6) (7) (8) .
IL-17 production by NKT cells is particularly interesting. A relatively new lineage of differentiated effector CD4 T cells (Th17 cells) is defined by IL-17 production, and these cells play a critical role in the onset and progression of some forms of cell-mediated autoimmunity (9, 10) . Differentiation of Th17 cells can occur in the presence of certain cytokine combinations, including TGF-␤ and IL-6 or TGF-␤ and IL-21 (9, 10) . Th17 cells also up-regulate the IL-23 receptor, and IL-23 is important in Th17 expansion and maintenance (10) . The master transcriptional regulator of Th17 development is ROR␥t; Th17 cells fail to develop in its absence, whereas its overexpression enhances Th17 development (11) . It is unclear whether IL-17 production by NKT cells requires or is enhanced by the same differentiation signals, nor is it clear which subset of NKT cells produces this cytokine. Although Michel et al. (8) showed that NK1.1 Ϫ NKT cells were the primary producers of IL-17, these cells were poor producers of IFN-␥ and IL-4. This finding contrasts with our own data showing that NK1.1 Ϫ NKT cells in the periphery are capable of potent IFN-␥ and IL-4 production (12) .
Herein, we investigate the cytokine-producing capability of NKT cell subsets. We demonstrate remarkable heterogeneity among NKT cell subsets and show that a previously unstudied subset of CD4 Ϫ NK1. 
Results
Extreme Diversity in Cytokine Production by Distinct NKT-Cell Populations. NKT cell subpopulations defined by CD4 and NK1.1 expression were isolated from thymus, spleen, and liver and were tested for their ability to produce cytokines over a range of time points after stimulation with plate-bound anti-CD3/CD28 in vitro. These included IFN-␥, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17, IL-21, GM-CSF and TNF (Fig. 1) ; macrophage inflammatory protein (MIP-1␣), Regulated upon Activation, Normal T cell Expressed and Secreted (RANTES) [supporting information (SI) Fig. S1 ]; IL-12, Monocyte Chemotactic Protein-1 (MCP-1), Monokine Induced by IFN-gamma (MIG), and Keratinocyte Chemokine (KC) were assayed also but were not detected (data not shown). Cytokine amounts are depicted on a logarithmic scale. Generally, thymus-derived NKT cells were by far the most potent cytokine producers (Fig. 1) . In a notable exception, at 72 h the production of IFN-␥ by liver-derived NKT cells was comparable to or higher than the production of IFN-␥ by thymic NKT cells. This was confirmed by intracellular cytokine staining (ICS), which showed a higher percentage of IFN-␥ ϩ cells from the liver fraction than from the thymus fraction at this time point (Fig. 2) .
In separate experiments in which NKT cell subsets were stimulated by using ␣-GalCer-pulsed DC (Fig. S2) , cytokine production by thymus NKT cell subsets was much lower, but the responses by peripheral NKT cells to the two types of stimulation were approximately comparable. A possible explanation is that a much higher proportion of thymic NKT cells express inhibitory receptors (13) (14) (15) that dampen NKT cell cytokine production when engaged by their ligands on the DC (16) . Conversely, spleen CD4 ϩ NK1.1 ϩ NKT cells showed higher cytokine production in response to ␣-GalCer-pulsed DC stimulation than to CD3/CD28 ligation, suggesting that spleen NKT cells have a greater requirement for DC-derived factors such as IL-12 and IL-18. Because of the differential regulatory mechanisms at play in these cultures, we favor data from CD3/CD28-stimulated NKT cells, because these cultures reveal the potential of each NKT subset to produce cytokines.
The most dramatic differences in anti-CD3/CD28 cultures were observed when comparing NK1.1 Ϫ and NK1.1 ϩ NKT cells (Fig. 1 ), particularly those from the thymus. In addition to higher IL-4 and lower IFN-␥ levels that have been documented previously (17, 18) , thymus NK1.1 Ϫ NKT cells also produced substantially more IL-17, IL-10, and IL-21 but less IL-2, IL-3, IL-6, IL-9, GM-CSF, TNF, MIP-1␣, and RANTES. Peripheral NK1.1 Ϫ NKT cells generally were less active than their thymic counterparts, particularly at the 20-h time point, which is consistent with these cells being distinct populations of cells (12) . By 72 h, however, cultures of peripheral NK1.1 Ϫ NKT cells had accumulated levels of some cytokines (including IL-2, IL-4, IL-10, IL-13, IL-17, IL-21, IFN-␥, TNF, and MIP-1␣) similar to or exceeding those of their thymic counterparts, suggesting slower induction and/or more sustained production. This was supported by ICS of NK1.1 Ϫ NKT cells at the 72-h time point, showing that more liver NK1.1 Ϫ NKT cells than thymic NK1.1 Ϫ NKT cells were producing IFN-␥ and IL-17 ( Fig. 2) . In contrast to human NKT cell subsets in which CD4 ϩ NKT cells produce higher levels of Th2 cytokines (3, 4), we found that mouse CD4 Ϫ NK1.1 ϩ NKT cells and CD4 ϩ NK1.1 ϩ NKT cells generally were comparable in their ability to produce IL-4 in response to anti-CD3/CD28; if anything, CD4 Ϫ NK1.1 ϩ NKT cells in thymus and liver were more potent producers of IL-10 and IL-13 ( Fig. 1) . The most striking difference between the CD4 ϩ and CD4
Ϫ subsets was IL-17 production, which was restricted almost entirely to the CD4 Ϫ NKT cell fraction in each tissue tested.
NK1.1 ؊ NKT Cells Constitutively Express IL-23R and ROR␥t. Given that Th17 development depends on expression of ROR␥t (11) and IL-23R (10), we investigated the expression of these factors by NKT cell subsets to determine whether they correlated with IL-17-producing capacity (Fig. 3) . Quantitative RT-PCR analysis of thymic NKT cell subsets showed that both factors were constitutively expressed by NK1.1 Ϫ NKT cells and, to a lesser extent, by CD4 Ϫ NK1.1 ϩ NKT cells, whereas CD4 ϩ NK1.1 ϩ NKT cells and naïve conventional T cells showed little or no expression of these factors. The level of expression of these factors either did not change, or decreased, after activation in vitro. that production of IL-17 in the NK1.1 ϩ fraction of NKT cells was restricted largely to CD4
Ϫ cells, we investigated whether CD4 Ϫ cells were responsible for IL-17 production in the NK1.1 Ϫ fraction. We first used ICS on sorted NKT cell subsets and confirmed our hypothesis that the CD4 Ϫ fraction of NK1.1 Ϫ NKT cells was much more capable of IL-17 production compared with the CD4 ϩ fraction (Fig. 4A) . We next sorted thymus-and liver-derived NK1.1 Ϫ NKT cells into CD4 ϩ and CD4 Ϫ subsets to test them independently for IL-17 secretion (Fig. 4B ). The CD4 Ϫ NK1.1 Ϫ NKT cells produced at least 10 times more IL-17 than the CD4 ϩ NK1.1 Ϫ cells, and after 24 h thymus-derived cells were the most potent source of this cytokine. Similar results were observed in the liver: the CD4 Ϫ NK1.1 Ϫ NKT subset was the main source of IL-17, although optimal IL-17 production by liver-derived NKT cells seemed to be delayed compared with the thymus. The presence of IL-17 in the supernatants of the NK1.1 Ϫ CD4 Ϫ NKT cell cultures at 24 h suggested IL-17 was produced rapidly after stimulation. Indeed, ICS of NKT cells just 6 h after anti-CD3/28 stimulation showed very clear IL-17 production by 28% of CD4 Ϫ NK1.1 Ϫ NKT cells but by Ͻ2% of the CD4 ϩ NK1.1 Ϫ fraction (Fig. 4C ).
An interesting observation was that not all cells within the CD4/NK1.1-defined subsets were producing cytokines by ICS ( Fig.  2 and Fig. 4 ). This may in part reflect the strength or timing of the in vitro stimulus so that not all cells were activated to the same extent. However, the exclusive production of IL-17 and IFN-␥ by different cells also suggests that the subsets we have defined may be further divisible.
We also examined IL-17 production from lymph node, spleen, and lung lymphocytes after short-term (3 h) stimulation with Phorbol myristate acetate (PMA) and ionomycin, which supported our observations from the thymus and liver that IL-17-producing NKT cells were primarily NK1.1 Ϫ CD4 Ϫ (Fig. S3) . Using an intrathymic FITC injection assay to track recent thymic emigrants, we found that recent thymic emigrant NKT cells were readily detectable in spleen, as published (18), but were almost undetectable in lymph nodes, where NKT cell production of IL-17 is most abundant (data not shown). This finding suggests that peripheral IL-17-producing NK1.1 Ϫ NKT cells are part of the mature NKT cell pool rather than immature thymic emigrant cells. It is noteworthy that in these experiments NKT cells were not separated according to NK1.1 expression before stimulation, excluding the possibility that NK1.1 ligation somehow inhibits IL-17 production by the NK1.1 ϩ fraction.
The finding that ROR␥t is constitutively expressed by some NKT cells suggests that these cells are primed to make IL-17, because transduction of ROR␥t into naïve CD4 T cells has been shown to elicit IL-17 production (11). Nonetheless, we tested whether NKT cells were susceptible to regulation via traditional Th17-inducing factors. Inhibition of IFN-␥ and IL-4 augmented NKT cell expansion and IL-17 production within the NKT cell compartment (Fig.  S4) . Addition of TGF-␤ and IL-6 did increase the percentage of NKT cells producing IL-17, and CD4 ϩ NKT cells made up a higher proportion of these cells. However, these factors impaired the recovery of NKT cells from these cultures, and hence their net effect on IL-17 production by NKT cells seemed to be negligible.
Given the differences in IL-17 production between CD4 Ϫ NK1.1 Ϫ and CD4 ϩ NK1.1 Ϫ NKT cells, these subsets also were tested separately for production of other cytokines (Fig. S5) . In general, CD4 ϩ NK1.1 Ϫ and CD4 Ϫ NK1.1 Ϫ NKT subsets had similar cytokine profiles and resembled each other more closely than they resembled their NK1.1 ϩ counterparts. Except for IL-17, which was produced at higher levels by CD4 Ϫ NK1.1 Ϫ NKT cells, the thymic CD4 ϩ NK1.1 Ϫ fraction produced the same or higher levels of cytokines (IFN-␥, IL-4, IL-6, IL-10, IL-13) than the thymic CD4 Ϫ NK1. NKT cells were added to this thymus differentiation system, they proliferated less and remained mostly (Ϸ90%) CD4 ϩ NK1.1 ϩ (data not shown), consistent with our earlier finding that these cells remain CD4 ϩ after intrathymic transfer in vivo (19) . Taken together, this indicates that the elusive branch point for CD4 Ϫ NKT cells occurs before NK1.1 up-regulation.
Immature NK1.1 Ϫ NKT cells can be subdivided further into CD44 low and CD44 hi cells. When we analyzed these for CD4 expression, we found that in 1-week-old mice, the CD4 Ϫ NK1.1 Ϫ NKT cells were enriched for the more mature CD44 hi cells (Fig. 5 ). Although this was less clear in 4-week-old mice, the intensity of CD44 expression still seemed to be higher in the CD4 Ϫ NK1.1 Ϫ subset than in the CD4 ϩ NK1.1 Ϫ subset. These data suggested that CD4 Ϫ NK1.1 Ϫ NKT cells branch at a very early stage in NKT cell lineage development, just before or at the time CD44 up-regulation is starting to occur.
Discussion
Although it is well established that human NKT cell subsets, based on CD4 and CD8 expression, are functionally diverse in terms of cytokine production (3, 4), it is not clear whether similar diversity exists for mouse NKT cells. In this study, we have analyzed mouse NKT cell subsets based on the expression of CD4, NK1.1, and the tissue source. After examining different NKT cell subpopulations from thymus, spleen, and liver for production of 19 cytokines, our results show that mouse NKT cell populations exhibit remarkable diversity, with differences of 10-to 100-fold in the extent to which most cytokines were produced in response to anti-CD3/CD28 stimulation. Moreover, ICS suggested that further subpopulations exist, because IL-17 and IFN-␥ production seemed to be mutually exclusive, even within the NK1.1 Ϫ or CD4 Ϫ NK1.1 ϩ subsets. Although there were many interesting differences that should form the subject of future investigations into NKT cell diversity, the most intriguing finding was the potent production of IL-17 by CD4 Ϫ NK1. mediated via NKT cell production of IL-17, which is known to be a key factor in these diseases (10) .
In line with the ability of NKT cells to produce IL-17 rapidly, ROR␥t and IL-23 receptor (IL-23R) were constitutively expressed by NK1.1 Ϫ NKT cells. This finding is odd, considering that IL-23R generally is found on highly differentiated T cells including Th17 and memory T cells. Furthermore, a previous study using an EGFP reporter system suggested that ROR␥t is not expressed by NKT cells (23) . It is not easy to reconcile this with our data, except that on close inspection it is apparent that a very small subset of NKT cells is positive for EGFP (23) , which may correlate with CD4 Ϫ NK1.1 Ϫ NKT cells, which represent Ϸ5% of total NKT cells in the adult thymus.
Collectively, thymic NK1.1 Ϫ NKT cells have been considered to be immature precursors to their NK1.1 ϩ counterparts, but the branching of CD4 ϩ and CD4
Ϫ NKT cells has proven difficult to define. Most NK1.1 Ϫ NKT cells are CD4
ϩ , but the dramatic difference in IL-17 production by CD4 Ϫ NK1.1 Ϫ NKT cells and CD4 ϩ NK1.1 Ϫ cells prompted us to assay their developmental potential separately. The results revealed that CD4 Ϫ NK1.1 Ϫ NKT cells are precursors to the CD4 Ϫ NK1.1 ϩ lineage, meaning that the branch point for these cells occurs before NK1.1 up-regulation (which we previously have referred to as ''control point 2'') (24) . The earliest NKT cells are defined as CD24 ϩ , and all these cells are NK1.1 Ϫ CD4 ϩ (25) . As thymic NKT cells mature, they lose CD24 expression and up-regulate CD44 and NK1.1. Our data suggest that the CD4 Ϫ branch point in NKT cells occurs before or during the transition from CD44 lo to CD44 hi within the NK1.1 Ϫ stage (Fig. 6 ), because CD4 Ϫ NK1.1 Ϫ NKT cells vary in CD44 expression. However, given that, at least in 1-week-old mice, a larger proportion of CD4 Ϫ NK1.1 Ϫ NKT cells than CD4 ϩ NK1.1 Ϫ NKT cells express CD44, these cells may be slightly more mature. This slight increase in maturity may explain their lower production of IL-4 and other cytokines that were expressed at high levels by the broader NK1.1 Ϫ subset (17) . Although the molecular basis for the divergence of CD4 Ϫ NKT cells remains unclear, the marked difference in production of IL-17 by CD4
Ϫ and CD4 ϩ NKT cells, combined with other studies indicating their functional divergence (5), supports the concept that two separate sublineages of NKT cells diverge at the CD44 lo NK1.1 Ϫ stage, during intrathymic NKT cell development. In addition to subset-specific IL-17 production, we also demonstrated that NKT cells are remarkably heterogeneous for an array of other cytokines. Although the type of stimulation (anti-CD3/ CD28 versus ␣-GalCer-pulsed DC) had some bearing on the cytokine profiles of some NKT cell subsets, the key point remains that different NKT cell subsets produce remarkably diverse cytokine profiles.
Our data raise the question whether distinct cytokine profiles reflect different roles/functions for specific NKT cell subsets in immune responses. Few models have compared distinct NKT subsets directly, but we have shown that liver-derived NKT cells are superior to NKT cells from other organs in promoting tumor rejection and that CD4 Ϫ NK1.1 ϩ NKT cells from liver promote tumor rejection more effectively than CD4 ϩ NK1.1 ϩ liver NKT cells (5) . This is interesting in light of the current data that anti-CD3/ 28-stimulated liver NK1.1 ϩ NKT cells produce high levels of IFN-␥ but only low levels of Th2 cytokines such as IL-4, IL-10, and IL-13. Although thymus-derived NKT cells produce similar amounts of IFN-␥, the higher potential production of IL-4, IL-10, and IL-13 by these cells may explain why they could not promote tumor rejection. Consistent with this, inhibition of IL-4 and IL-10 improved the ability of NKT cells from thymus and liver to promote tumor rejection (5) . Differential production of the proinflammatory cytokine IL-17 by CD4
Ϫ and CD4 ϩ liver NKT cells also may explain why the CD4 Ϫ NKT cells are more potent in models of tumor rejection (5) . Although studies that have explored the effect of IL-17 on tumor immunity have generated equivocal results (26) , there is some evidence that this cytokine can enhance T cellmediated tumor rejection (27, 28) .
In summary, we have demonstrated that mouse NKT cell subpopulations exhibit remarkable diversity in their ability to produce cytokines. In particular, the production of the proinflammatory cytokine IL-17 by mouse CD4 Ϫ NK1.1 Ϫ cells, and to a lesser extent by CD4 Ϫ NK1.1 ϩ NKT cells, sharply distinguishes these cells from CD4 ϩ NKT cells. The characterization of CD4 Ϫ NK1.1 Ϫ NKT cells also adds a new subpopulation to the NKT cell family and, at least for these cells in the thymus, provides a 'missing link' that represents the branch point for CD4
Ϫ NKT lineage. Although this study represents a major step toward understanding NKT cell functional diversity and development, it raises important new questions about these cells: What is the developmental signal that results in branching of the CD4 Ϫ lineage at the NK1.1 Ϫ stage? Do the mutually exclusive IL-17 ϩ and IFN-␥ ϩ subsets of CD4 Ϫ NK1.1 Ϫ NKT cells represent distinct lineages, and do they both contain precursor potential? What is the relationship between similar (CD4/NK1.1-defined) subsets with distinct cytokine profiles in different tissues? What is the molecular basis for the extremely diverse cytokine profiles? Do the different subsets perform distinct functions associated with their unique cytokine profiles? The most important message from this study is that, as with conventional T cells and dendritic cells, studies into NKT cell biology and function must examine these cells as individual subpopulations, because they are too diverse to be examined as a homogeneous lineage.
Materials and Methods
Mice. C57BL/6 mice were bred in house at the Department of Microbiology and Immunology Animal Facility, University of Melbourne, Australia. All mice used were between 5 and 7 weeks old unless otherwise stated, and all experiments were conducted in accord with the animal ethics guidelines of the University of Melbourne Animal Ethics Committee.
Lymphocyte Isolation. Lymphocytes were isolated from the liver, thymus, and spleen as described in ref. 5 . Thymic NKT cells were enriched from thymus by labeling thymocytes with anti-CD8 (clone 3.155) and anti-CD24 (J11D), and tagged cells were depleted by using rabbit complement (C-SIX Diagnostics) in the presence of DNase (Roche Diagnostics). Cells were spun over a histopaque gradient (1.083 g/ml; Sigma-Aldrich) at room temperature to collect viable cells. NKT cells were enriched from spleen by staining with phycoerythrin (PE)-conjugated CD1d tetramer and subsequent incubation with anti-PE microbeads (Miltenyi Biotech). Labeled cells then were passed through a magnetic column using the Miltenyi AUTOMACS system, and magnetized cells were collected and washed before being labeled for flow cytometric purification.
Antibodies and Flow Cytometry. All antibodies used were from BD PharMingen. Antibodies included ␣␤TCR-FITC (clone H57-597), NK1.1-PE/CY7 (PK-136), CD4-APC/CY7 (RM4 -5), IL-17-PE (TC11-18H10), IL-4-APC (11B11), and CD44 FITC (IM7). Mouse CD1d tetramer loaded with ␣-GalCer (kindly provided by Kirin Pharma Company) was produced in house, using recombinant baculovirus encoding His-tagged mouse CD1d and mouse ␤2-microglobulin originally provided by M.
Kronenberg (La Jolla Institute for Allergy and Immunology, San Diego, CA). For ICS, cells were cultured in GolgiStop (BD Biosciences) before being fixed and permeabilized by using the BD Cytofix/Cytoperm Plus Fixation/Permeabilization Kit. Flow cytometry was performed by using either an LSR-II or FACSCanto, and purification was performed on a FACSAria (BD Biosciences). Analysis was performed by using FlowJo software (Tree Star Inc.).
Cytokine Analysis from Cell Culture Supernatants. All cytokines were assayed by using BD Biosciences cytometric bead array flex set for mice (IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, IL-13, IFN-␥, TNF, MIP-1␣, Monocyte Chemotactic Protein-1, Monokine Induced by IFN-gamma, Keratinocyte Chemokine, and RANTES) except for IL-17 and IL-21, which were detected by using ELISA from R&D Systems. Capture and detection antibodies in the IL-21 ELISA kit were used at 0.8 g/ml (2 ϫ recommended concentration), and IL-17 ELISA reagents were used as recommended.
Cell Culture. For each experiment, tissues were pooled from 10 -20 mice before NKT cells were purified and cultured separately. Cells were cultured in tissue culture media (as described in SI Methods) in a 96-well plate. For in vitro stimulation assays, no-azide low-endotoxin anti-CD3 (145-2C11; BD PharMingen) and anti-CD28 (37.51; BD PharMingen) were used at a concentration of 10 g/ml to coat plates. For ␣-GalCer/DC and NKT cell cocultures, DCs were pulsed with 200-ng/ml ␣-GalCer for 3 h and washed twice before being mixed with NKT cells.
Fetal Thymus Organ Culture. Thymic lobes were removed from embryos at day 15 of gestation and cultured for 7 days on the surface of filters (pore size, 0.45 m) resting on Gelfoam sponges (Amersham Pharmacia) placed (and previously soaked) in 1 ml of FTOC medium (refer to SI Methods). After culture, the lobes were placed in Terasaki plates, 2 lobes per well, containing sorted and CFSElabeled (as described in ref. 12 ) populations of NKT cells in 30 l of RPMI-FTOC medium. The Terasaki plates were inverted gently, forming a hanging drop, and were incubated overnight. The lobes then were returned to standard FTOC conditions and cultured for 7 days in 1-ml cultures in RPMI-FTOC. Lobes were disrupted carefully using glass coverslips to release the cells for FACS analysis.
